Joining of the dissimilar metal pair NiTi to stainless steel is of great interest for implantable medical applications. Formation of brittle intermetallic phases requires the joining processes used for this dissimilar pair to limit the amount of over-melting and mixing along the interface. Thus, because of its ability to precisely control heat input, laser joining is a preferred method. This study explores a method of using a cup and cone interfacial geometry, with no filler material, to increase the tensile strength of the joint. Not only does the cup and cone geometry increase the surface area of the interface, but it also introduces a shear stress component, which is shown to be beneficial to tensile strength of the wire as well. The fracture strength for various cone apex angles and laser powers is determined. Compositional profiles of the interfaces are analyzed. A numerical model is used for explanation of the processing parameters.
INTRODUCTION
In order to exploit specific material properties in different places of products, it is often beneficial to join dissimilar materials. Joining dissimilar materials can help to optimize toughness, wear resistance, chemical resistance, thermal properties, hardness, flexibility, etc. 2 
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Due to some of its unique properties, nickel titanium (NiTi) is receiving increasing use, especially in such devices. NiTi has good biocompatibility, which makes it ideal for implantable medical devices. NiTi can allow for less invasive procedures because of its shape memory effect and superelasticity. Some examples of current NiTi applications are stents, Simon vena cava vein filters, and atrial Septal defect occlusion systems [1] . Obviously, implantable medical devices are not made simply out of a single material, which is why techniques for joining NiTi to other materials must be explored. A common pair is joining nickel titanium to stainless steel (SS), using stainless steel where NiTi is unnecessary. Using stainless steel in places where shape memory and superelasticity are not required can help to reduce the part cost, as well as exploit some of the properties of the stainless steel where desired.
The process chosen for joining a dissimilar material pair is heavily dependent on the composition of the materials of interest, and also on the specifications for the finished product [2] . Possibly the simplest way to join dissimilar materials is by using adhesives. Adhesives are sensitive to temperature, and their strength heavily relies on the amount of moisture that is absorbed [3, 4] . Clearly this is not viable for implantable medical devices. When heating processes are used for joining, many dissimilar metal pairs have a tendency to form intermetallics when heat is used for joining [5] . In response, several different methods to minimize the amount of intermetallic formation have been reported. One proposed method is to use friction stir welding. This process reaches lower temperatures, and thus may help minimize intermetallic formation [6] . Friction stir welding of magnesium and aluminum has been shown to be possible, but it was found that the hardness across the joint became twice that of the base 3 
Paper # materials [7] . Fracture occurred at the point with the highest hardness gradient. Significantly changing the material properties is undesirable, and it was also found that there was a very narrow range for working parameters (rotation speed, weld speed). Also, friction stir welding is not easily applied to the wire geometry currently of interest. Another method is to melt a filler material that is placed between the two materials, and never directly melt the base materials.
When choosing a filler material, it is important that its thermal expansion properties are similar to the materials being joined, otherwise large residual stresses will form. Nickel-chromium filler materials are often used when joining stainless steels, since they have comparable thermal
properties [2] . Using zinc as a filler, Mathieu was able to achieve tensile strengths of 240 MPa when joining aluminum to stainless steel [8] . But, it is also possible to take advantage of the large difference of melting temperature between these materials. Stainless steel has a much higher melting temperature than aluminum. By laser irradiating the stainless steel side, the heat will conduct across the interface and melt the aluminum [5] . This eliminates the need for a filler material, but is restricted to material pairs with large melting temperature differences.
The dissimilar metal pair of NiTi and stainless steel, which is of interest to the medical world, does not have a very large melting temperature difference. A process for joining nickel titanium and stainless steel wires together, without using a filler material, was proposed by Satoh et al. [9] . Their process, however, is limited in that it is difficult to apply uniform heating at the interface for larger diameter wires. This paper will introduce a method that can be applied to thicker wires. In joining processes, the interface geometry can be altered to maximize the effectiveness of the process being used. For example, including an extra lip of material along the top of a seam to be electron beam welded can provide material to fill any gaps that form [10] . To evenly heat the thicker wires currently of interest, they will be rotated during laser irradiation. A 4 
Paper # cup and cone interfacial geometry is proposed. This will help to keep the wires aligned during rotation, and also increase the surface area of the interface, resulting in higher strength. The tip of the stainless steel wire is shaped into a point, and the nickel titanium is shaped as an inverted cone, whereby the stainless steel can fit into it. This results in a net increase of surface area of the interface, without increasing the outside diameter of the joint. Different angles of cones were analyzed. To allow for even heat distribution, the wires were rotated while being irradiated. The effect that different laser power levels had on each of these angles is presented.
BACKGROUND Ternary Phase Diagram and Brittle Intermetallics
Two of the most useful properties of nickel titanium are its superelasticity and shape memory effect. The superelasticity is due to a diffusionless martensitic transformation that occurs under large strains. This transformation is from austenitic BCC B2 into an HCP B19 crystal structure. The Clausius-Clapeyron relation indicates how, under an induced stress, martensite can form at temperatures higher than the martensite start temperature M s [11] . During the transformation, detwinning of the martensite accommodates extensive deformation at a uniform stress. When nickel titanium has been deformed in its martensitic (low temperature)
phase, heating to the austenitic phase will cause it to recover its original shape; this is the shape memory effect.
One of the biggest concerns when joining dissimilar metals is the formation of brittle intermetallic phases. Intermetallics form in very specific proportions, and have crystal structures that differ from the original base materials. Electrical, mechanical, magnetic, and chemical properties may be different from the base materials as well [12] . The specific ratios they form in 5 
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Paper # makes it possible to identify phases present in a sample by using EDX analysis. Many intermetallics are subject to brittle fracture and suffer from a low crack tolerance. Their complex crystal structures have large Burgers' vectors, so it often requires less energy for fracture than for dislocation movement. A ternary phase diagram for titanium, iron, and nickel is shown in Figure   1 [13] . This is at 1173 K, about 400 K below melting temperature for the NiTi. For simplification, we neglect the effects of the chromium that is present in the stainless steel.
Chromium behaves similarly to the titanium, and there is much less of it than the other three materials [14] . Fe 2 Ti is a Laves phase, and has some unique magnetic properties [15] . But, its C14 hexagonal structure is quite brittle [16] . The other common intermetallic formed is FeTi.
Large regions of FeTi have been shown to decrease the tensile strength of the joint [17] . Nickel titanium and stainless steel have different thermal expansion coefficients, and van der Eijk et al.
concluded that this difference could result in residual stresses and initial cracks within the intermetallic layer [18] . Using a nickel interface layer may help to lessen the amount of brittle intermetallics formed, but it will not completely prevent their formation [18] . Shortening the time period that the base materials are at or above melting temperature will limit intermetallic formation also. Borrisutthekul et al. found that placing a heat sink with a large thermal conductivity next to the joint lowered the amount of intermetallics formed when joining steel to aluminum [19] . If over-melting occurs at the interface, iron from the stainless steel can substitute for the nickel in the NiTi's austenitic phase, lowering the martensitic start temperature M s and allowing for the formation of an R phase [20] . This lowered M s and decrease of nickel concentration will also result in the superelastic plateau occurring at a lower stress [21] .
Phase change is not limited to the interface. The heat affected zone of the base materials will also undergo some changes. Precipitates in the base NiTi will increase, which also results in 6 
Paper # lowering the M s temperature [22] . Once the NiTi has recrystallized, the thermodynamic parameters will remain nearly constant though [23] .
Geometrical Considerations
Characterization of the quality of each joint is based on its tensile testing results. Since the dissimilar material pair has different Young's Moduli, the stress-strain response does not have a clear, direct interpretation. Thus, the most important characteristic is the load at fracture for each joint. The fracture strength of joints can be increased by distributing the load over a larger surface area. Different interface geometries can be used to increase the contact area, without increasing the overall size of the part. Increasing the surface area will decrease the stress concentration on the interface, but sharper angles may have detrimental effects on surface wetting [24] . This places a limitation on the geometries in that they must not be too complex.
One possibility is to make a U slot, and slide one piece around the other. Vaidya et al. used this method for butt welding plates of aluminum AA6605 and titanium Ti6Al4V [25] . Fracture occurred in a heat affected zone, and not at the interface itself. The simplest way to increase the interface surface area for wires is to cut the ends at an angle, in the fashion of a scarf joint. This will result in an increase of surface area, given by , where A o is the cross sectional area of the wires, and φ is the angle between the normal of the surface and the longitudinal axis of the wire. This is a viable option to be applied to the 381µm diameter wires that Satoh explored [9] .
But, the wires of current interest have twice that diameter. Getting the heat to conduct through thicker wires and evenly melt the interface is not viable. Overheating must be avoided. As simply melting the base NiTi, without any mixing or intermetallic formation occurring, can decrease the tensile strength of the wire by as much as 30% [26] . One solution is to use multiple 7 
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Paper # lasers, and simultaneously irradiate the top and bottom of the sample [25] . But due to the rotational symmetry of the wires, an alternative method is to use a single laser source while simultaneously rotating both of the wires during the laser scan. This paper will make use of this wire rotation.
To increase the interfacial surface area, a cup and cone geometry is proposed, as shown in Figure 2 . In a way, this is like an axisymmetric scarf joint about the longitudinal axis of the wires. The stainless steel will be shaped into a point, while the end of the NiTi is drilled out in the shape of a cone. An angle θ is defined as the apex angle of the cone. Two different apex angles will be analyzed (90° and 120°) and their strengths compared to wires without the conical interfaces. The 90° cones will have an interface area of 0.645 mm 2 while the 120° cones will be 0.527 mm 2 , which are 41% and 16% larger than a flat interface, respectively. Of course, this increased surface area is not normal to the direction of loading. As such, we do not expect the effect due to this increased surface are to be equal to this same percentage increase.
Stress Intensity Formulation
Stress intensity in uniaxial tension along a crack, away from the free edges, oriented at an angle is given by [27] : (1) where σ is the applied stress, a is crack length, is the angle between the applied load and the crack. We assume that the cracks formed will be in areas that did not melt along the interface, and also that the fracture will propagate along the joint interface within the intermetallic layer. 8 
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Paper # Therefore, the cracks will be oriented degrees from the direction of loading as well. Figure 3 shows these K values for various interfacial angles. For an ideally brittle material, [28] , where K IIC is mode II fracture toughness and K IC is mode I fracture toughness. From the graph we see that as the angle decreases (sharper cones on the wires), both K I and K II decrease.
This effect is due to the increase of surface area on the interface. In order to exploit the higher K II value, it is preferable to introduce some shear component along the joint. Figure 3 indicates that the lowest stress intensity, and therefore the strongest joints, is a result of having smaller apex angles. But, as the cone becomes sharper, heating along the interface will become less uniform, and complete joining may not be possible.
Stress singularities will form at the traction free edges of dissimilar material joints [29] and are dependent on the joining angles as well as the difference of material properties (i.e.
Poisson's ratio and Young's Modulus). For a 2D plane stress situation with dissimilar materials bonded at an angle α (corresponding to , for θ defined in Figure 2 ) under uniaxial tension σ o , the stress components along the interface can be expressed as [30] : (2) where A,B are constants, , γ are roots of a characteristic equation, χ i are oscillating functions, and . The significance of these equations is that the first term of both the normal and shear stresses contains an exponential decaying with distance from the free corner.
Thus, away from the edges in the bulk of the material, the shear and normal stress components are constant for each respective interface angle. It has been shown [30] that even for very sharp angles, the stress singularity will not result in more than a 7% deviation from the uniform stress 9 
Paper # in the bulk of the material. This increase of stress at the free edge may result in failure initiating there, but due to the relatively small magnitude the benefit of introducing a shear component outweighs this effect.
The NiTi is the material that will be irradiated, since it has a lower melting temperature than the stainless steel. Starting the laser a fixed distance away, and then scanning at a constant velocity towards the interface will result in heat accumulation along the interface. At the same time, both the wires are spun at a constant angular velocity, helping to ensure uniform heating.
Along joint interfaces, the irradiated material will contract as it is cooled [10] . Since the conical portion of the NiTi encases the stainless steel, as this contraction occurs the NiTi will squeeze onto the stainless steel wire.
Thermal Modeling
Heat input from the laser is the only parameter we can control during the joining process, thus 3D thermal modeling was performed to help choose parameters. The heat flux of the laser was modeled as a Gaussian distribution with a spot size of 800 µm. At the interface, the initial thermal resistance is large, which results in thermal accumulation. But once the interface has melted, this resistance decreases significantly. To simulate this changing conductance across the interface, a thin thermally resistive layer was placed between the NiTi and stainless steel. By equating the heat flow in the definitions of convection and conduction heat transfer, we can get the relationship .
where h is the heat transfer coefficient per area, k is the thermal conductivity, and ∆x is the width of the resistive layer. The non-melted NiTi-SS interface has h=79 W/m 2 K [31] . Values for k and 10 
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Paper # ∆x were set to give this initial ratio. A temperature dependent step function was associated with ∆x, so that once each node of the interface reached its melting temperature, the value of ∆x would decrease, thus increasing the conductance. According to the Hagen-Ruben Relation, laser absorption can be calculated as: (4) where ε o is the permittivity of free space, ω is the angular frequency of incident radiation, and ρ is the electrical resistivity of the material [32] . Electrical resistivity is proportional to temperature, and thus absorptivity increases as the temperature is increased. The most dramatic increase of absorptivity is when the material changes from a solid to a liquid. Since in this process melting is limited to the interface, we make the simplification of using a constant
resistivity. An electrical resistivity of 5.48E-7 Ω m was used, which is the value for titanium at 333K [33] . The value for titanium was used since the titanium oxide layer that forms on the surface of the NiTi is similar to the surface of titanium. A laser with wavelength of 1064 nm was used, resulting in an absorptivity of 26%. Convective cooling from the argon flow is present on the outside surface of the wires. The convective heat transfer coefficient was calculated using the Zhukauskas Correlation [34] : Tensile testing was carried out according to ASTM E8-11 standards [36] . An Hitachi-S4700 SEM with energy dispersive X-ray spectroscopy (EDX) attachment was used for the compositional analysis.
RESULTS & DISCUSSION

Temperature Profile
In Figure 4 , a longitudinal section view of the wires is plotted displaying temperature at three different times during the laser scan. As the NiTi wire begins to heat up, the interfacial resistance causes thermal accumulation. This indicates that most of the melting should be limited to the interface, which is desirable. If excessive melting occurred along the whole path of the laser scan, the wire would lose its structural integrity and deform. The rotation of the wires allows the hot temperature to be able to reach the extents of the NiTi cone, both points 1 and 2. Had the wires not been rotated during irradiation, insufficient heat would have been able to conduct to the apex. Once the interface has melted, the NiTi wets onto the stainless steel side, and the thermal resistivity across the interface decreases. The third time snapshot is after wetting has occurred, and the stainless steel wire is seen to heat up.
An even temperature distribution along the interface is desired, since this will allow for uniform melting. Figure 5 displays the temperature distribution along the line segment from points 1 to 2 at the moment the laser has completed its scan. Of the three different angular velocities, 3000°/s has the flattest temperature distribution. It is also apparent that increasing the angular velocity increases the average temperature of the interface, despite having a shorter interaction time with the wire. As the wire is being spun faster, the input heat flux from the laser beam behaves more like a uniform ring of heat around the circumference of the wire, as opposed 13 
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We are looking for the maximum temperature difference along each wire's interface. From the symmetry, the largest temperature difference on the rotated wires is between the outside point 2 and the apex point 1. For the non-rotated wires, the largest difference is between points at the top and bottom of the interface. At 1.5 seconds, the top of the flat wires is nearly 1700 K, while the bottom is only 1400 K. By examining longitudinally sectioned samples that were not rotated, we see that often the top is overmelted, while no melting occurs at the bottom. This is consistent with the predictions of the thermal model. If laser power is increased to allow for the bottom point to reach melting temperature, the top point will reach excessive temperatures. The temperatures at the two points on the interface that was rotated reach the melting temperature at nearly the same time, which will results in good uniformity of the joint.
Joint Morphology
Outside images of four of the joints are presented in the . In both of the images, the cup and cone geometry is still intact. Along the angles of the interface, a possibly mixed region is visible. These regions will be analyzed via EDX. In the 15 W wire, joining is apparent throughout the center of the wire. But within the mixed region, a large circular defect is present. Also, joining is not apparent at the apex of the cone. This region will act as an initial crack during tensile testing, resulting in a lower fracture strength. The apex of the 17 W wire also does not appear to have complete joining, yet excessive deformation occurred on the outside. Therefore, continuing to increase the power will not result full joining of the interface. Alternatively, varying other parameters, such as angular velocity, could help to achieve more melting at the apex.
Composition
The width of the mixed region, where brittle intermetallics will form, is critical to the fracture strength of each joint. EDX line profiles were acquired along arrows I, II, and III indicated in Figure 8 . A line profile for III is displayed in Figure 10 . The region from 37 µm to 65 µm is where mixing of the NiTi and stainless steel occurred. All of the scans along II and III for both power levels had very similar shape, with just the width of this mixing layer being the only difference. An abrupt transition happens between the mixed region and the base materials.
To determine which phases are forming, we compare the compositions to the ternary phase diagram of Figure 1 . Since it does not appear on the phase diagram, the amount of chromium is neglected, which will slightly increase the concentrations from those displayed on the line scan.
Two peaks stand out: one where titanium reaches nearly 50% and the other where nickel reaches nearly 50%. For both of these, the iron level is between 10-20%. Comparison with the phase 15 
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Paper # diagram indicates that these are regions of (Fe,Ni)Ti. Figure 12 displays an EDX area scan of the sample from Figure 8 . Within the areas indicated as the mixed region, we see iron, nickel, and titanium. This mixed region corresponds to the lighter colored region visible along the interface in Figure 8 . From this, it is apparent that joining did not occur along the entire interface for these processing parameters.
The widest mixing zone occurred on III for the wire processed at 15 W shown in Figure   11 , with a width of 33 µm. Instead of having a flat trend along the length, this joint has more of a slow transition from the NiTi to the stainless steel. This is evidence that diffusion of the materials has taken place. The thinnest mixing zone occurred on II for the wire processed at 13 W, with a width of only 18 µm. Analysis on I for both samples showed no mixing zone, indicating that joining did not occur at the centers. As is expected, the mixing for the 13 W sample is consistently lower than that of the 15 W.
Joint Strength
The average load at fracture for a sample of wires processed at a rotation speed of 3000°/sec is presented in Figure 13 . For both the 90° and 120° wires, an upward trend with power is evident. Also, as the power increases the variance in tensile strength decreases. This higher consistency is attributed to the excess melting that occurs under the higher powers. When the wires are being rotated under the laser, there is some slight unavoidable alignment error. At 17 W, the large melt pool is able to fill in the gaps that are not perfectly aligned. This does not occur at the lower power levels, and thus they will be more sensitive to the alignment. For 13 W through 16 W, the 90° angle wires have higher average fracture strength than the 120° angle wires. This is consistent with the idea that increasing the interface surface area will allow for 16 
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Due to the axial load, the cross sectional area of the joint increases during processing.
The loads at fracture for various rotation speeds have been normalized by the cross sectional area of the fracture, and are plotted in Figure 14 . Here we see that the fracture strength will actually decrease with overheating. This is evidence that too much mixing occurs at the higher power levels, and therefore large amounts of brittle intermetallics are forming. At 3000°/sec and 14 W, the 90° wires have an average strength of about 310 MPa, which is the highest level reached for this rotation speed. The highest strength of 270 MPa for the 120° wires occurs at 15 W. The ideal power level is where a minimum yet sufficient amount of melting occurs. With their sharper angle, the 90° wires overlap more than the 120° wires, resulting in better contact. The amount of melting at 14 W may be ideal to join the 90° wires together, but the 120° wires need slightly more melting in order to overcome some small misalignment effects.
In Figure 14 , the difference in strength between the 90° and 120° interfaces rotated at the slower velocities is much more pronounced than the wires irradiated at 3000°/sec. From the thermal model, we know that the wires at higher rotation speeds reach higher temperatures. For all power levels, aside from 13 W at 3000°/sec, the 90° wires have the higher of the two strengths. This chart is normalized to cross sectional area, but the overall interface area of the 90° wires is still larger, indicating that increasing surface area due to different joint geometry can increase the fracture strength of these wire joints. It is noted that standard stainless steel 304 yields at 205MPa. Clearly, the samples ran at 13-17 W are above this yield strength.
For comparison, the fracture strength of wires of the same diameter with a simple flat interface was also tested. These wires were held stationary, and irradiated at a power of 35W as 18 
Paper # the laser was scanned towards the interface. As previously shown in the thermal model, rotation of the wires allows for more heating across the depth of the wires. Since the flat wires were not spun, more power input was required in order to achieve melting across the entire interface. The results are displayed in Figure 16 , with 180° corresponding to the flat interfaces. The rotated wires were spun at 3000°/sec. We see that the wires that had the cup and cone geometry, and were rotated during irradiation, are indeed stronger than the non-rotated flat tests. The error for the rotated wires is also much smaller as well. During processing of the flat interfaces, the high laser power required to melt the bottom of the interface results in excessive melting of the top surface.
Fracture Surfaces
To better understand the differences of fracture strengths for various processing parameters, the fracture surfaces of a set of samples was analyzed via SEM. These images are presented in Figures 17 and 18 . Combining high laser power with fast rotation of the wires results in large amounts of melting at the interface, and thus a quite brittle joint. In Figure 17 we see a large region of transgranular cleavage, with locally smooth fracture surfaces, which are indicative of brittle fracture. The fracture surface of this sample did not occur along the initial cup/cone geometry, but instead it occurred on a plane nearly perpendicular to the axis of loading.
Overheating of this sample results in a large width of the interface. This wide interface gives a crack more opportunity to propagate through grains that are oriented to allow for low energy brittle fracture. Figure 18 is a sample irradiated at a lower power, but higher rotation speed.
With fracture occurring at 393MPa, this was the strongest of all the samples. When overheating does not occur, minimal changes are made to the base materials and thus fracture will be 19 
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Paper # restricted to the brittle intermetallic interface. As is expected, fracture occurred along the conical geometry. Within this narrower interface, there will be a lower probability of a grain being preferentially oriented for low energy fracture. The majority of Figure 18 is indicative of quasicleavage, which has characteristics of both brittle and ductile fracture. Some parabolic dimples are present in the lower right corner of the image, whose elongated shape is a result of the shear component along the interface.
CONCLUSION
The effect of using a cup and cone interfacial geometry for joining of NiTi-SS wires has been explored. Rotation of the wires during laser irradiation was used. This rotation produced much more uniform heating of the interface. Joints that had a 90° apex angle of the cone were found to consistently have higher fracture strengths than the 120° cones. The optimal laser power level for the 90° wires was 14W, while 15W for the 120° wires produced the strongest joints. Overmelting of the interface tended to negate the effects of the interfacial geometry.
When overmelting did not occur, fracture was along the conical geometry. EDX analysis indicated (Fe,Ni)Ti formation in a thin region along the interface with a decreasing width towards the center of the wire. Even for the samples where excessive melting of the outside surface occurred, the apex of the cone in the center of the wires did not sufficiently melt. Thus, the effects on fracture strength that rotational velocity has was also explored. It was found that increasing the rotational speed resulted in increased melting. Even though cones with sharp apex angles are desirable with respect to the stress intensity formulation, limitations do exist for how small of apex angles can be used. Temperature uniformity will decrease as the apex angle is decreased. Also, the wall thickness of the NiTi cupped wires will decrease with sharper angles. 20 
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Paper # These thin walls will be more sensitive to overheating, and also may fracture from shear loads that are applied. Figure  8 , showing iron (red), nickel (green), and titanium (blue). Laser power is 15W. A mixing region is observed along the interface, the width of which decreases towards the center of the wire. This indicates that the lighter colored regions along the interface of the longitudinal sectioned images are indeed the mixed regions. 24 
Paper # Figure 13 Increase of load at fracture with increasing laser power input. Standard error for each level is indicated. Note that the 90° wires are stronger than the 120° wires at every power except for 17W. Figure 14 Stress at fracture over a range of power levels. The 90° wires are consistently stronger than the 120° wires, which is consistent with predictions. . Figure 15 Comparison of fracture strength between two different angles. The percentage scale on the left is how much stronger the 90° joint is compared to the 120° joint, for given power and angular velocities. As the power is increased, the difference between the two geometries reduces. This graph does not indicate which parameters gave the best overall results, but simply indicates the difference between the two angles. Figure 18 Fracture surface of a sample that broke at 393 MPa, which was the highest strength achieved. The original cup and cone geometry was intact after fracture. Quasi-cleavage is apparent, indicating a better joint than Figure 17 .
